Intracellular signaling mediated by the MAPK 5 family member c-Jun N-terminal kinase (JNK), also known as stress-activated kinase, plays a central role in controlling the response to cytokines and a variety of stress stimuli. JNK signaling is important in the regulation of diverse processes, including cell proliferation, cell death and survival, oxidative stress, insulin resistance, and inflammation underlying conditions such as diabetes, cancer, arthritis, and aging (1) (2) (3) (4) . A total of 10 JNK isoforms have been described that result from alternative splicing of three JNK genes, JNK1, JNK2, and JNK3 (MAPK8, MAPK9, and MAPK10, respectively), producing JNK1␣1, -␣2, -␤1, and -␤2; JNK2␣1, -␣2, -␤1, and -␤2; and JNK3␣1 and -␣2 (5) . The JNK1␣1, JNK1␤1, JNK2␣1, and JNK2␤1 isoforms have a shorter C-terminal region and when expressed with an epitope tag in Chinese hamster ovary cells were detected as 46-kDa proteins on immunoblots, whereas the JNK1␣2, JNK1␤2, JNK2␣2, and JNK2␤2 isoforms exhibited apparent molecular masses of ϳ55 kDa (5) . JNK3 has an extended N terminus, resulting in a slighter higher molecular weight for the associated isoforms. JNK1 and JNK2 are expressed by most cell types, whereas JNK3 is primarily found in the brain. All JNK isoforms are activated by dual phosphorylation of conserved Thr and Tyr residues mediated by MAPK kinases MKK4 and MKK7 and can be inactivated by MAPK phosphatases (6) . Given the importance of JNK signaling in biological systems, the mechanisms responsible for regulation of JNK activity are important to understand.
Reactive oxygen species (ROS) have been increasingly recognized for their role in the regulation of intracellular signaling pathways (3, 4, 7) . Hydrogen peroxide (H 2 O 2 ) is particularly well suited for redox signaling because of its relatively higher half-life, allowing it to diffuse over longer distances in cells. There is evidence that H 2 O 2 can positively regulate the JNK signaling pathway upstream of the MKKs through activation of Src and Cas (8, 9) as well as Ask1 (10) . Oxidative inhibition of MAPK phosphatase 1 (MKP1), resulting in sustained JNK activation, has also been described (11, 12) . JNK activation is suppressed by the formation of a complex with GSH S-transferase Pi, which can be further stabilized by the binding of peroxiredoxin 1 (Prx1), but these interactions have not been shown to be directly influenced by JNK redox status (13) . JNK signaling may also in turn regulate the redox environment of the cell. JNK signaling in Drosophila was found to increase expression of genes that facilitated an oxidative stress response, resulting in increased lifespan (14) , whereas in HeLa cells JNK signaling in the mitochondria increased ROS production (15) . These studies point to the need for a better understanding of the interplay between JNK signaling and redox metabolism in cells, including the question of whether there is direct regulation of JNK by oxidants like H 2 O 2 .
One of the most commonly observed mechanisms by which H 2 O 2 regulates intracellular signaling is via the reversible oxidation of protein thiols. This occurs when reactive cysteines in the thiolate state (Cys-S Ϫ ) are oxidized by H 2 O 2 to form cysteine sulfenic acids (Cys-SOH), a process also known as sulfenylation (4, 16, 17) . Sulfenic acids are highly labile species, often progressing to disulfide formation upon reaction with thiol groups. Both sulfenic acids and disulfides can be reduced back to their thiol(ate) states by cellular reducing systems. Ask1 and MKP1, two key regulators of JNK phosphorylation, have been shown to be regulated by thiol oxidation, enhancing JNK phosphorylation through oxidative activation of the kinase Ask1 (18) and inhibition of the phosphatase MKP1 (12) . Although redox regulation of signaling kinases like Src, p38, Akt, and ERK is becoming an increasingly common theme (9, 19 -21) , it is still unknown whether or not JNK is directly regulated by H 2 O 2 .
We have previously shown that exposure of human articular chondrocytes to fragments of the extracellular matrix protein fibronectin stimulates JNK signaling in chondrocytes in an ROS-dependent fashion (22) . Fibronectin fragments (FN-fs), including fragments containing the Arg-Gly-Asp (RGD) cell binding sequence, are found in the articular cartilage and synovial fluid of patients with arthritis, likely the result of increased activity of matrix-degrading enzymes (23, 24) . These FN-fs can activate cell surface receptors, including the ␣5␤1 integrin on chondrocytes and synovial fibroblasts, leading to increased production of matrix metalloproteinases (25) (26) (27) . Relevant to the present study, FN-f stimulation was found to increase sulfenylation of multiple proteins in chondrocytes, including the kinase c-Src (28) . In those experiments, pretreatment with dimedone, a reagent that reacts selectively with sulfenylated cysteines (29) , blocked FN-f-induced phosphorylation of JNK and its substrate c-Jun, indicating that protein sulfenylation was required for signaling that resulted in JNK and c-Jun phosphorylation.
Based on these studies, FN-f stimulation of human articular chondrocytes was used as a biologically relevant model system to further study the role of protein thiol oxidation in the regulation of JNK activity. FN-f stimulation was compared with treating cells with various concentrations of exogenous H 2 O 2 as a direct oxidant and with the redox cycling agent menadione, which generates higher levels of intracellular H 2 O 2 . We found that both FN-f treatment, which generated low levels of H 2 O 2 , and treatment with low micromolar levels of H 2 O 2 stimulated phosphorylation of JNK and its substrate c-Jun. Menadione treatment and treatment with high levels of exogenous H 2 O 2 reversibly inhibited JNK2 kinase activity through oxidation of cysteine residues in JNK2. The mechanism of this inhibition was further explored using mass spectrometry (MS) and sitedirected mutagenesis to identify the sites of oxidation on JNK2␣2.
Results

Increasing H 2 O 2 levels are associated with differential regulation of JNK signaling in chondrocytes
To determine conditions in which JNK signaling is regulated by H 2 O 2 in chondrocytes, treatment of chondrocytes with FN-f was compared with addition of exogenous H 2 O 2 or the redox cycling agent menadione. We had previously found that menadione generates high levels of endogenous H 2 O 2 in chondrocytes, resulting in oxidative stress, at least in part through inactivation of Prxs that are critical to cellular ROS detoxification (30) . Using the Orp1-roGFP H 2 O 2 biosensor, menadione was found to rapidly generate increased levels of intracellular H 2 O 2 that were similar to what we had shown previously (30) , whereas FN-f generated a more gradual and lower level of H 2 O 2 production ( Fig. 1A) . To further examine relative levels of intracellular H 2 O 2 , we measured Prx hyperoxidation (i.e. formation of sulfinic or sulfonic forms, referred to as PrxSO 2/3 H, which are inactive) by immunoblotting cell lysates with an antibody specific to PrxSO 2/3 H. Using this technique, we had previously shown high levels of PrxSO 2/3 H in chondrocytes treated with menadione (30) , which was confirmed here (Fig. 1B ). In contrast, the lower levels of H 2 O 2 generated by FN-f induced little, if any, increase in PrxSO 2/3 H, whereas the addition of exogenous H 2 O 2 led to a dose-dependent increase in PrxSO 2/3 H (Fig.  1, B and C) .
Examination of JNK and c-Jun phosphorylation state revealed that although FN-f stimulated phosphorylation of both, there was a dose-response effect of H 2 O 2 such that only the lower doses of 0.5 and 1 M stimulated phosphorylation of both JNK and c-Jun (Fig. 1C ). Menadione weakly stimulated JNK and c-Jun phosphorylation and, when added to cells prior to addition of FN-f, blocked the large increase in phosphorylation in response to FN-f ( Fig. 1D ). This suggested that the high levels of H 2 O 2 generated by menadione might be inhibiting the effects of FN-f. This effect on JNK signaling was distinct from the other two MAP kinase family members, ERK and p38, which were strongly phosphorylated in response to either menadione or FN-f, and with no further increase or decrease in phosphorylation upon addition of both ( Fig. 1D ).
JNK2 is sulfenylated in chondrocytes
Previous studies have shown that JNK phosphorylation is regulated by H 2 O 2 through the oxidative activation of the upstream kinase Ask1 as well as through oxidative inhibition of JNK phosphatases (12, 18) . We next investigated whether JNK could be directly regulated by oxidation with H 2 O 2 at cysteine sites, resulting in sulfenic acid formation. This was prompted by a preliminary experiment where we had observed a protein band consistent with phosphorylated JNK2 in chondrocyte lysates from FN-f-treated cells that were enriched in sulfenylated proteins using the biotin-tagged dimedone analog DCP-Bio1 (Fig. S1 ). The anti-phospho-JNK antibody used in this experiment recognizes all JNK isoforms due to amino acid conservation around the phosphorylation sites, but only a single, relatively high-molecular-mass band at about 54 -55 kDa was detected in the DCP-Bio1 pulldown experiments. Based on the apparent molecular weight, this band could contain one or more of the JNK2␣2, JNK1␣2, JNK1␤2, or JNK2␤2 isoforms, whereas the other JNK isoforms are of a lower molecular weight.
In subsequent experiments using a JNK2-specific antibody, FN-f and low doses of H 2 O 2 were observed to increase the levels of JNK2 sulfenylation based on affinity capture after DCP-Bio1 labeling ( Fig. 2A ). In some experiments, a lower molecular weight JNK2 band was also observed that likely represents the smaller and more minor JNK2␣1 or JNK2␤1 isoform (5) . It is important to note that chondrocytes isolated from different tissue donors exhibited variability in the time points and doses of H 2 O 2 that yielded maximal DCP-Bio1 labeling of JNK2. This is to be expected given the transient nature of cysteine sulfenylation, the heterogeneity of the tissue from different donors, and the variable effects of culture conditions on the redox status of the cell. Oxidized JNK2 was also detected using a second (biotin switch) method in which biotinylated iodoacetamide (BIAM) was used to capture reversibly modified thiols. In this method, free thiols are first blocked, and then after incubation with a reductant, labeling with the biotinylated reagent occurs, revealing sites modified by disulfide bond formation (including glutathionylation), sulfenylation, and potentially other reversible forms (Fig. 2B ). Unlike DCP-Bio1, the BIAM method also 
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detected oxidized JNK2 when cells were treated with 10 and 50 M H 2 O 2 , indicating the potential presence of intra-or intermolecular disulfides at the higher doses of H 2 O 2 .
JNK2 activity is inhibited by oxidation
Oxidative thiol modifications, including protein sulfenylation, can either activate or inhibit protein kinases, whereas most protein phosphatases and particularly protein-tyrosine phosphatases, which rely on a nucleophilic cysteine for catalysis, are inhibited (31) . To evaluate the effect of oxidation on JNK2 kinase activity, primary human chondrocytes were transfected with an expression plasmid for FLAG-tagged JNK2␣2. Cells were subsequently stimulated with FN-f for 30 min to activate signaling and phosphorylate JNK. Cell lysates were prepared and treated with the reducing agent dithiothreitol (DTT) so that all proteins would be fully reduced, and then anti-FLAG magnetic beads were used to capture the recombinant JNK2 protein. To assess the effect of H 2 O 2 on JNK2 activity, samples were exposed to various concentrations of H 2 O 2 from 0.5 to 20 M for 10 min, excess H 2 O 2 was removed by the addition of catalase, and c-Jun and ATP were added to initiate the activity assay ( Fig. 3A ). Under these conditions, JNK kinase activity was inhibited by H 2 O 2 treatment (Fig. 3, B and C). The amounts of H 2 O 2 needed to inhibit JNK kinase activity using this cell-free method were lower than the amounts needed when H 2 O 2 was added directly to live cells (Fig. 1C ). This is partly because a significant proportion of exogenously added H 2 O 2 in cells is undoubtedly removed by efficient cellular antioxidant systems (including peroxiredoxins and catalase).
To test whether oxidative JNK2 inhibition is reversible, a separate assay was performed with commercially available, recombinant active JNK2␣2. The addition of DTT recovered most or all of the activity of JNK2 after inhibition with H 2 O 2 concentrations up to 100 M (Fig. 3D ). These results indicate reversible inhibition of JNK2 activity over a wide range of H 2 O 2 concentrations and confirmed that this regulation occurred in the absence of other proteins.
JNK2 is sulfenylated at Cys-222 in vitro
To identify the cysteine residue(s) directly targeted by H 2 O 2 , we expressed and purified WT JNK2␣2 with an N-terminal His 6 tag as described under "Experimental procedures." The resulting proteins were purified in the absence of reducing agent to Ͼ95% purity. His-tagged JNK2 was treated with successive additions of 100 M H 2 O 2 and excess DTT in the presence of dimedone. Like DCP-Bio1, dimedone reacts selectively with sulfenylated cysteine residues and forms irreversible thioether products. Multiple rounds of oxidation and reduction were performed to allow greater opportunity for dimedone to trap and accumulate presumably transient sulfenic acid species that would otherwise resolve into intramolecular disulfides and be unreactive with the dimedone. Free thiols and any unreacted sulfenylated residues were then trapped by iodoacetamide (IAM) (32) . Although the Cys-423 peptide was not observed by MS, the other eight cysteine residues present in JNK2 were identified as iodoacetamide products or reduced thiol (Table S1 and Fig. S4 ). Cys-423 is located at the very C terminus and is part of a 51-residue tryptic peptide that may not be amenable to detection by traditional MS-based proteomics techniques. A dimedone product with Cys-222 was detected in the H 2 O 2treated sample but not the untreated control (Table S1 , Experiment 1, and Fig. S5 ).
To further assess oxidation-sensitive cysteine residues in the absence of reductant, His-tagged JNK2 was first reduced with DTT and then (after excess DTT was removed) treated with 0 or 100 M H 2 O 2 in the presence of dimedone. After selectively blocking free thiols with methylsulfonyl benzothiazole (MSBT) (33, 34) and digestion with trypsin, the dimedone-labeled cysteine residues were identified by MS analysis. Again, a dimedone product was only observed at Cys-222 ( Fig. 4A and Table  S1 , Experiment 2). No dimedone product was observed with any other cysteine residue in this experiment. With the exception of Cys-41, Cys-116, and Cys-423, all other cysteine residues were observed to form an MSBT product. Although no cysteine other than Cys-222 was trapped in sulfenylated form by dimedone, we did observe some hyperoxidation of Cys-6, Cys-116, Cys-163, Cys-213, and Cys-222 to sulfinic (SO 2 H) and/or sulfonic (SO 3 H) acid in one or both experiments, indicating that these cysteine residues also exhibit a degree of oxidation sensitivity (Table S1 and Fig. S6 ). It should be noted, however, that the degree of hyperoxidation of any cysteine(s) affecting activity in the intact protein must be minimal based on the results shown in Fig. 3D that demonstrate substantial reversibility of the inhibition.
Potential intramolecular disulfide bonds were identified in JNK2
We next explored the possibility of disulfide bond formation given the sulfenylated Cys-222 detected in JNK2. Cysteine sulfenic acids can be stabilized within the protein structure, directly reduced back to the thiol form, or condense with another thiol group to form a disulfide bond (17, 31) . Intermolecular disulfide bonds can form with a cysteine in another protein or subunit, or intramolecular disulfides can form within the same subunit. Mixed disulfides may also form with small 
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molecule thiols such as GSH. Any of these modifications could regulate protein function by "locking in" a particular structural conformation or by blocking or altering binding sites (17, 31) . To look for the formation of an intermolecular disulfide bond in oxidized JNK2, recombinant, nonphosphorylated, His-tagged JNK2␣2 was reduced with DTT, excess reductant was removed using a gel filtration column, and the protein was treated with increasing H 2 O 2 concentrations and analyzed by nonreducing SDS-PAGE. No dimer band was observed at H 2 O 2 concentra-tions up to 1 mM ( Fig. 4B ); however, there was a slight shift in the monomer band compared with DTT-treated protein, which may indicate localized, intramolecular disulfide bond formation. These results rule out the formation of intermolecular disulfide bonds between two JNK2 subunits under these conditions and suggest the formation of intramolecular disulfide bonds.
To identify potential disulfide bonds in JNK2, the dimedoneand MSBT-treated, His-tagged JNK2 samples used in the MS A, JNK2 kinase assay. FLAG-JNK2␣2-expressing chondrocytes were treated with FN-f to stimulate JNK phosphorylation. Cellular proteins were reduced prior to affinity capture of JNK2 with anti-FLAG magnetic beads. A single immunoprecipitation (IP) was then split into multiple fractions and treated or not with various amounts of H 2 O 2 for 10 min prior to the addition of catalase to remove excess H 2 O 2 . Protein kinase A activity was then initiated by the addition of prereduced c-Jun and ATP, and JNK2 activity was measured as a function of c-Jun phosphorylation. B, WT FLAG-JNK2 was immunoprecipitated from 60 g of lysate and then split into multiple tubes prior to treatment with 0, 0.5, 1, 3, or 20 M H 2 O 2 for 10 min, and kinase activity was measured as described in A. C, shown is the mean and S.D. (error bars) for n ϭ 14 replicates for protein expressed from chondrocytes harvested from different donors. The p value for one-way ANOVA comparing different H 2 O 2 concentrations is Ͻ0.0001. Dunnett's multiple comparison test was used to identify H 2 O 2 concentrations with significantly different JNK kinase activity from untreated protein; *, p value Ͻ0.05; ***, p value Ͻ0.005. D, JNK2 inhibition is reversible by reduction. Active, phosphorylated JNK2␣2 was purchased from SignalChem and treated or not with H 2 O 2 and then catalase as described above. Each sample was then split in half. DTT was added to one half (ϩ), and an equal amount of water (Ϫ) was added to the second prior to the addition of c-Jun and ATP. p, phospho; t, total. (Table S1 ). B, reduced His-JNK2␣2 was treated with increasing concentrations of H 2 O 2 . The resulting protein was resolved on a nonreducing, denaturing gel. No JNK2 dimer was observed, indicating the absence of any intermolecular disulfide bond. C, the samples from B were analyzed for disulfide bonds using XlinkX 2.0. Disulfide bonds between Cys-222 and either Cys-177 or Cys-213 or with Cys-222 from another subunit were observed with significant scores. Spectra for the disulfide bonds can be found in Fig. S7 .
experiments described above were analyzed for the presence of intramolecular disulfides using XlinkX 2.0 (35, 36) . Using this method, no disulfide bonds were observed in the untreated sample, but peptides containing disulfide bonds corresponding to Cys-222 partnered with either Cys-213 or Cys-177 were observed in the H 2 O 2 -treated samples ( Fig. 4C , Table S1 , Experiment 2, and Fig. S7 ).
Mutation of Cys-222, Cys-116, or Cys-163 renders JNK2 insensitive to H 2 O 2 -mediated inhibition
The combined results of the MS studies suggested that Cys-222 is the cysteine in JNK2 most likely to be directly targeted by H 2 O 2 , although there were indications that other cysteine residues (Cys-116, Cys-163, Cys-177, and Cys-213) may also be directly oxidized and/or serve as potential disulfide-bonding partners with Cys-222 (Cys-177 and Cys-213). To confirm the identity of the JNK2 cysteine(s) involved in redox regulation, individual C116A, C163A, C177A, C213A, C222A, and C222S mutants were generated in the FLAG-tagged JNK2␣2 construct. The mutant proteins were expressed in human articular chondrocytes obtained from tissue donors, activated through phosphorylation by FN-f stimulation, collected under reducing conditions, immunoprecipitated, and assayed for c-Jun kinase activity. Under these conditions, c-Jun phosphorylation and detectable signal for JNK protein were observed only when the FLAG-tagged constructs were expressed, indicating that the measured activity in our assays arose almost exclusively from the overexpressed mutants and not from endogenously expressed JNK2 (Fig. 5A ). For all mutants, the level of reduced JNK protein and kinase activity in the immunoprecipitated material was not significantly different from the WT JNK2expressing cells derived from the same donor (Fig. 5B ). Similar to WT JNK2, the C177A and C213A constructs were inhibited by the addition of H 2 O 2 prior to measuring kinase activity, whereas the C116A, C163A, C222A, and C222S constructs were insensitive to H 2 O 2 -mediated inhibition (Fig. 5C ).
Oxidation of JNK2 occurs in regions of the protein important for activity and formation of the closed, active conformation
To better understand the mechanism by which oxidation regulates JNK2 activity, we mapped the location of all cysteine residues in JNK2␣2 to the two solved crystal structures of JNK2 (37, 38) . The region of the protein containing Cys-6 is not visible in either JNK2 structure, and the C-terminal cysteine (Cys-423 in JNK2) is not visible in any of the JNK1, JNK2, or JNK3 structures. The remaining cysteine residues of JNK2 are scattered throughout the protein with all but Cys-44 found on the surface of the protein, making them potentially accessible to both oxidation by H 2 O 2 and formation of a disulfide with a nearby cysteine residue or small-molecule thiols in cells ( Fig. 6A ). In both structures, JNK2 is unphosphorylated and complexed with different inhibitors so that the activating phosphorylation sites (Thr-183/Tyr-185) are inaccessible for phosphorylation. The activation loop is found in a more open conformation in Protein Data Bank (PDB) code 3E7O and in a more closed conformation in PDB code 3NPC ( Fig. 6B ) (38) . Cys-116 is located near the ATP-binding site and is the target of a series of JNK-specific inhibitors that covalently bind to JNK1, JNK2, and JNK3 isoforms and inhibit c-Jun phosphorylation in HeLa and A375 cells (39) . Cys-222 is located 20 Å away from the ATP-binding site on the surface of the protein (Fig. 6A ). This region of the protein has been implicated in modulating dimerization and autophosphorylation of JNK2␣2 (40) as well as being responsible for the lower K m for c-Jun observed for JNK2 compared with JNK1 (41) . Although there is no JNK structure to show the conformation of the activation Fig. 3A except that no H 2 O 2 was added and assays included 2 mM DTT. Blots were stripped and reprobed with an antibody to detect the total (t) amount of JNK2 protein added to each assay. All constructs were transfected into the same donor-derived cell line, and all treatments and analysis were performed side by side on the same day. B, c-Jun kinase activity of reduced JNK2 mutants does not differ significantly from WT JNK2. Shown are mean and S.D. (error bars) for the kinase activity for each mutant compared with the activity of untreated WT protein from the same donor-derived cells. Mutant and WT activity assays were performed on the same day and analyzed on the same gel. All values are normalized to the signal for total JNK2 protein. Shown are the mean and S.D. One-way ANOVA indicated no significant difference between the samples (p value ϭ 0.42). C, the immunoprecipitated JNK2 cysteine mutants were assayed for JNK2 kinase activity after treatment with increasing concentrations of H 2 O 2 as described in Fig. 2A . Shown are the mean and S.D. (error bars) for a minimum of four biological replicates for each mutant. Two-way ANOVA followed by Dunnett's post hoc comparison was used to identify mutant constructs that were significantly less inhibited by H 2 O 2 than WT JNK2 with ‡ indicating a p value Ͻ0.05. Asterisks represent significant differences: *, p Ͻ 0.05; **, p Ͻ 0.005 relative to untreated control for the same variant.
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loop in the phosphorylated, active protein, it is clear from the closed conformation of the activation loop in 3NPC that oxidation of either Cys-116 or Cys-222 could alter the conformation of the activation loop and thus modulate the activity of JNK2 (Fig. 6B) . In contrast, Cys-163 and Cys-137 are located a substantial distance away (Ͼ20 Å) from the active site in the middle of the MKK-binding pocket (Fig. 6C ). Oxidation of these residues would be expected to either block or change the specificity of substrate binding. Interestingly, we found that the C116A, C222A, and C163A mutations all eliminated the sensitivity of JNK2 to oxidation (Fig. 5C ), suggesting that multiple mechanisms may be used to regulate the JNK activity simultaneously in response to an increase in H 2 O 2 .
Despite our MS results, it is unclear from the crystal structure how disulfide bond formation in JNK2 would occur without some local rearrangement of the protein structure. Cys-213 and Cys-177 are 11 and Ͼ30 Å, respectively, from Cys-222 in the two existing JNK2 structures. Although Cys-213 is closer, Cys-177 is located within the flexible activation loop, and the locations of this residue in 3E7O and 3NPC differ by ϳ25 Å. It is not known how posttranslational modifications would change the conformation of this flexible region of the protein because there is no phosphorylated structure for any JNK isoform. The temporal order of disulfide formation and the conformational change triggered by initial disulfide bond formation is also currently unknown. These events may bring the Cys-222 and Cys-177 in closer proximity to allow for formation of a disulfide bond between these residues.
Redox-sensitive cysteine residues show different degrees of conservation across JNK isoforms
Alignment of all JNK2 isoforms indicated that all cysteine residues were conserved between all four JNK2 isoforms with the exception of Cys-222 and Cys-423 ( Fig. 7 and Fig. S2 ). Cys- Figure 6 . Location of redox-sensitive cysteine residues in JNK2. A, location of cysteine residues on the structure of JNK2 (PDB code 3NPC, chain A) (38) . Cys-222 is found in a region of JNK2 that modulates its affinity for c-Jun substrate (41) (residues 208 -230, in blue and cyan). Cys-222 is also near the ␣-region (residues 218 -226, in cyan) shown to mediate dimerization and autophosphorylation (40) . Cys-177 is found in the JNK2 activation loop (residues 170 -190, in magenta) near the Thr-183 and Tyr-185 phosphorylation sites in red van der Waals surface. The MAP kinase insert (residues 247-278, shown in tan) is only observed in MAP kinases and CDK2 and has been shown to interact with the activation loop in unphosphorylated ERK2 (57) . This insert is longer in JNK, and the additional residues (residues 279 -290) are indicated in brown. The other cysteines in the structure are shown in yellow. An atrial natriuretic peptide (ANP) molecule (in light green with phosphate groups in orange) is modeled in the ATP-binding site near Cys-116 and the MKK7 peptide (dark green, modeled from PDB code 3UKH) is next to Cys-163. N-terminal residues 1-6, which include Cys-6, and C-terminal residues 364 -424, including Cys-423, are not shown in the structure. B, oxidation of JNK2 occurs in regions involved in the conformational rearrangements of the activation loop. The surface representation of the open form of JNK2 containing the C222S and C177S mutations (PDB code 3E7O, chain A) (37) is shown on the right with the activation loop in pink; the closed conformation of the enzyme is shown on the left (PDB code 3NPC, chain A). The surface-accessible sulfur residues are shown in yellow. The putative locations of a bound atrial natriuretic peptide (light green) ball and a bound MKK peptide (dark green) are modeled in ball and stick representation. C, Cys-163 is found in the D-site substrate-binding pocket. The surface model of 3NPC with the MKK peptide from a JNK1 structure (3UKH) is overlaid onto the JNK2 structure and shown in magenta. The surface-accessible sulfurs of Cys-163 and Cys-137 are shown in yellow.
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222 is present in JNK2␣1 and JNK2␣2 but not JNK2␤1 or JNK2␤2. In contrast, Cys-423 is found in the JNK2␣2 and JNK2␤2 isoforms but not the JNK2␣1 or JNK2␤1 isoforms.
Alignment of all JNK1, JNK2, and JNK3 isoforms demonstrated even more variability between the redox-sensitive cysteines ( Fig. 7 and Fig. S3 ). Cys-41, Cys-79, Cys-116, Cys-137, Cys-163, and Cys-213 are conserved in all JNK isoforms, whereas Cys-6 and Cys-177 are only observed in the four JNK2 isoforms. In addition, all JNK1 and JNK3 isoforms contain an additional Cys-245 residue (JNK1 numbering). The ␣2 isoform in JNK3 and the ␣2 and ␤2 isoforms in JNK1 contain two adjacent cysteine residues at the C terminus of the protein (Cys-425 and Cys-426 in JNK1) with Cys-426 in JNK1␣2 being equivalent to C423 in JNK2␣2. Interestingly, the redox-sensitive C222 residue is not found in any JNK1 or JNK3 isoform (nor in ␤ isoforms of JNK2 as mentioned above), although the two ␣ isoforms in JNK1 do contain a nearby Cys-220 residue. Taken together, this indicates that JNK2␣1 and JNK2␣2 are the only JNK isoforms that could be regulated by oxidation at Cys-222, although any changes in activity caused by oxidation at Cys-116 or Cys-163 would be expected to apply to all JNK proteins. The molecular weight of the band detected by the antibody against JNK2 in the biotin pulldown of oxidized proteins from FN-fand H 2 O 2 -treated chondrocytes suggests that JNK2␣2, the larger of the two ␣ isoforms, is more likely to be the predominant oxidized species in our samples than JNK2␣1.
Discussion
In these studies, we identify cysteine oxidation by H 2 O 2 as a novel mechanism to regulate JNK2 activity. We show in human articular chondrocytes and with purified protein that JNK2 can be directly oxidized by H 2 O 2 and that this oxidation inhibits the kinase activity of the protein. These experiments indicate that there is a dual layer of JNK2 regulation; the protein appears to be most active when it is both phosphorylated and reduced. Low levels of H 2 O 2 , such as those generated by FN-f and other physiologic stimuli, lead to JNK phosphorylation through the activation of kinases upstream of JNK as well as through inhibition of phosphatases (8 -12) . As shown here, treatment with menadione or high levels of exogenous H 2 O 2 that result in oxidative stress (detected by Prx hyperoxidation) stunt JNK signaling through both inhibition of the upstream mediators responsible for JNK phosphorylation and direct oxidative inhibition of JNK activity. Oxidation is observed on both unphosphorylated and phosphorylated JNK2, and activity of phosphorylated JNK2 can be restored in the presence of DTT, indicating that the oxidation is reversible, even at high H 2 O 2 concentrations. This suggests that the phosphorylation state of the protein can be 
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maintained during oxidation. This "primed" phospho-JNK2 inhibited by oxidation can then be switched "on" as a kinase immediately upon reduction.
JNK2 is susceptible to oxidation by the addition of Ͻ5 M extracellular H 2 O 2 , which can be estimated to correspond to an intracellular concentration between 5 and 500 nM (42) . These values are physiologically relevant as H 2 O 2 concentrations are estimated to be 10 -100 nM under steady-state conditions and are expected to be even higher under oxidative stress or near the "hot spots" of H 2 O 2 generation (42) . Although we do not yet have a full understanding of how JNK2 and other signaling proteins are able to compete for reaction with H 2 O 2 in the presence of abundant and efficient peroxidase proteins such as peroxiredoxins, our data, as well as those of many other investigators, do provide clear indications that such direct oxidation can and does occur during cell signaling events (20, 21, 43, 44) .
Activity assays with JNK2␣2 cysteine mutants and MS identification of the dimedone product both indicate that Cys-222 is directly sulfenylated by H 2 O 2 to inhibit the kinase activity of the protein. C177A and C213A mutants are still sensitive to H 2 O 2mediated inhibition, indicating that these residues, although able to form a disulfide with Cys-222, are not directly oxidized by H 2 O 2 . It is possible that one or both of these residues may function as a resolving cysteine, but if so, formation of the disulfide bond does not appear to be required for the inhibition observed here.
Interestingly, mutation of either Cys-116 or Cys-163 also inhibits the oxidation sensitivity of JNK2␣2 despite the fact that no dimedone product was observed for either of these residues. A highly selective JNK inhibitor, JNK-IN-8, forms a covalent bond with Cys-116, a modification that is required for the inhibition of JNK2 activity by this compound; nonetheless, mutation of Cys-116 to a serine did not affect JNK kinase activity (39) as we also noted here in the C116A mutant.
One hypothesis that may explain these findings is that these cysteines are involved in forming or stabilizing the structural rearrangements required for inhibition of the oxidized JNK2␣2. Alternatively, JNK2␣2 may be sensitive to multiple oxidation events that could work together to modulate the activity of this protein. The locations of these residues in the peptide-binding cleft (Cys-163), near the ATP-binding site (Cys-116), and packed against the activation loop in the closed form of the protein (Cys-222) support the second hypothesis. Because we identified several redox-active cysteines in JNK2, it is also possible that oxidation at each of these sites might occur at different H 2 O 2 concentrations or in the presence of different binding partners, allowing for further fine-tuning of JNK2 activity in different cellular contexts.
Although this study focused on the JNK2␣2 isoform, it is possible that other JNK2 isoforms would also be sensitive to redox regulation, particularly through Cys-116 and Cys-163. It is, however, interesting to note that Cys-222 is not present in the JNK2␤1 or JNK2␤2 isoforms or in JNK1 or JNK3, indicating that cysteine oxidation modulates JNK activity in an isoformspecific manner. In particular, regulation through Cys-222 will be specific to the JNK2␣ isoforms. This may have important implications for binding of JNK to its substrates c-Jun and ATF2. JNK2␣1 and JNK2␣2 have been shown to bind preferen-tially to c-Jun peptide compared with ATF2 peptide, whereas the opposite was seen with JNK2␤1 and JNK2␤2 (5) . Also, a loop region containing Cys-222 (amino acids 218 -226) in JNK2␣2 was found to be responsible for JNK2␣2 autophosphorylation (45) , and a similar JNK2 Cys-222-containing region (amino acids 208 -230) was noted to be responsible for the higher binding affinity of JNK2 than JNK1 for c-Jun (by 25-fold) (41) .
Redox regulation has also been reported for other MAP kinases. Treatment of HeLa cells with prostaglandin J 2 (associated with inflammation) or 1 mM H 2 O 2 led to the reversible oxidation of p38␣ (19) . This oxidation was associated with decreased phosphorylation of the p38␣ substrate ATF2 in a cell culture model, both in vivo and after pulldown, despite similar levels of phosphorylated p38␣. Immunoprecipitation of p38 followed by a kinase activity assay confirmed that p38␣ kinase activity was inhibited by oxidation and that this inhibition was reversed by the addition of DTT. In another study, ERK2 was shown to be oxidized in response to a variety of growth factors using DCP-Bio1 to capture sulfenic acid-containing proteins (21) . Oxidation of immunoprecipitated phospho-ERK2 by H 2 O 2 inhibited the ability of ERK2 to phosphorylate ELK1 polypeptide in an in vitro assay, and this activity could also be recovered with the addition of DTT.
In these MAP kinases, oxidation appears to be regulated independently of phosphorylation, and kinase activity is highest when it is both phosphorylated and reduced. This suggests that the amount of active JNK, ERK, and p38 may be greatly overestimated by studies that simply look at the presence of phosphorylated protein. Even in the case where MAP kinase activity is directly measured, the effect of oxidation is typically masked by the ubiquitous presence of reductants in the assay. A search for commercially available products indicated that DTT or ␤-mercaptoethanol was present in all of the commercial JNK activity assay buffers, c-Jun peptide substrates, and recombinant, active JNK protein preparations identified.
Although redox regulation appears to be conserved across the MAP kinases, the location and number of cysteine residues varies among the different families of MAP kinases ( Fig. 7 and Fig. S3 ). JNK1, JNK2, and JNK3 have more cysteine residues (10 -11) than ERK1 and ERK2 (6 and 7, respectively) or p38␣, -␤, -␥, and -␦ (3-4) ( Fig. 7) . Cys-222, which is the only residue we observed forming sulfenic acid in our studies, is only found in JNK2. We also observed that the C116A mutant of JNK2 is insensitive to inhibition by H 2 O 2 ; this cysteine is only found in JNK proteins and not in ERK or p38. Of the three cysteines (Cys-46, Cys-163, and Cys-213; JNK2 numbering) found in all three MAP kinase subfamilies, only Cys-163 was shown to be associated with the oxidation sensitivity of p38␣ (Cys-162) and JNK2 ( Fig. 5C and Ref. 19) . In p38␣, a second cysteine (Cys-119) located in close proximity to Cys-162 is proposed to form a disulfide bond; however, only p38␣ and p38␤ contain this residue, indicating that oxidation of Cys-163 in the peptide-binding pocket of different MAP kinases would exhibit some structural differences. Together, these data suggest that oxidation of the different MAP kinase proteins can result in distinctly different structural perturbations. Although it is still early in our understanding of the mechanism by which oxidation regulates JNK2 regulation by protein oxidation the MAP kinases, it is intriguing to hypothesize that the difference in the number and location of cysteine residues may finetune the redox sensitivity of the different MAP kinases.
The cell culture experiments in the present study were performed in primary cultures of human articular chondrocytes with the anticipation that results are transferable to other cell types where JNK signaling plays an important physiologic or pathologic role. Chondrocytes were chosen because of previous studies suggesting that JNK is activated in cartilage from patients with osteoarthritis (46) , and activation of MAP kinases, including JNK, promotes matrix metalloproteinase expression in response to matrix fragments such as FN-f (47, 48) that require ROS as secondary messengers (22, 28) . In addition, studies with JNK2 knockout mice indicate a role for JNK2 in cartilage destruction in osteoarthritis (49) and collagen-induced arthritis (50), a model of rheumatoid arthritis in humans. The present findings demonstrate that as levels of H 2 O 2 increase in the cell, JNK2 switches from an active state to a less active or inactive state due to both inhibition of factors upstream of JNK2 that mediate JNK2 phosphorylation and direct JNK2 thiol oxidation, suggesting a mechanism of inhibition of JNK under oxidative stress conditions. This indicates that JNK may play different roles in regulating cell functions depending on the redox environment of the cell.
Experimental procedures
Antibodies and reagents
Antibodies purchased from Cell Signaling Technology were to phospho-JNK (Thr-183/Tyr-185), total JNK2, phospho-c-Jun (Ser-73), phospho-ERK (Thr-202/Tyr-204), total ERK, phospho-p38 (Thr-180/Tyr-182), total p38, and ␤-actin. Antibodies to PrxSO 2/3 H were from Abcam, and anti-AhpC antibody was purified from rabbit serum (29) . Salmonella enterica serovar Typhimurium AhpC C165S protein was expressed and purified as described previously (51) , and reduced C165S AhpC was labeled with biotin-maleimide as described previously (29) . The Premo TM roGFP-based cellular H 2 O 2 sensor (Orp1-roGFP) was purchased from Molecular Probes, Life Technologies. DCP-Bio1 and MSBT were synthesized as described previously (34, 52) . Menadione, dimedone, N-ethylmaleimide (NEM), catalase, and IAM were purchased from Sigma-Aldrich. Endotoxin-free recombinant FN-f was expressed and purified as described previously (28) . DTT was purchased from Life Technologies/Thermo Fisher Scientific.
Chondrocyte cell culture and stimulation of JNK signaling
Normal adult human articular cartilage from the talus of tissue donors was obtained within 72 h of death through the Gift of Hope Organ and Tissue Donor Network (Elmhurst, IL) via Rush Medical College (Chicago, IL) or from the National Disease Research Interchange (Philadelphia, PA). Chondrocytes were isolated by enzymatic digestion and cultured as described previously (53) . At confluence, cultures were changed to serum-free medium and cultured overnight before use in experiments. Cells were treated for 30 min with either FN-f (1 M), menadione (25 M), or a dose curve of H 2 O 2 concentrations from 0.5 to 50.0 M. In some experiments, cells were pretreated with menadione for 30 min before the FN-f treatment.
After treatment, cell lysates were prepared with standard cell signaling lysis buffer (1ϫ) (Cell Signaling Technology) containing phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich), Phosphatase Inhibitor Cocktail 2 (PIC; Sigma-Aldrich), and either NEM or IAM. Cell lysates were analyzed by immunoblotting with antibodies to the phosphorylated forms of proteins or antibodies to the hyperoxidized forms of the peroxiredoxins as described (30) . Blots were then stripped and reprobed with antibodies to the total protein for a loading control for blots with anti-phosphoantibodies or to ␤-actin.
Quantification of H 2 O 2 production
Intracellular H 2 O 2 levels were quantified using the Premo cellular H 2 O 2 sensor Orp1-roGFP (Life Technologies) as described previously (30) .
DCP-Bio1 and BIAM labeling and affinity capture
Proteins were affinity-tagged with DCP-Bio1 to specifically label sulfenylated proteins using a modification of a previously published procedure (28) . Rather than adding the DCP-Bio1 to cells at the time of cell lysis, 1 mM DCP-Bio1 was added to the medium for the last 3 min of cell treatment prior to lysis to reduce the chance of capturing proteins oxidized only during cell lysis. Cell lysates were then prepared in cell signaling lysis buffer (1ϫ) containing catalase (200 units/ml), DTT (8 mM), IAM (20 mM), PMSF, and PIC. The samples were rotated for 30 min at 4°C and centrifuged (10 min at 13,200 rpm) to remove insoluble proteins. BCA analysis was performed on the supernatants to measure the amount of total protein in the sample.
For BIAM labeling, the lysis buffer was 1ϫ cell signaling buffer containing PMSF, PIC, and 10 mM NEM to alkylate free thiols. The samples were rotated for 30 min at 4°C, and then the samples were desalted using Zeba columns (Thermo Scientific) to remove excess NEM. The desalted samples were transferred to Eppendorf tubes and reduced with DTT (5 mM) for an hour at 4°C. The samples were then incubated with BIAM (0.1 mM) overnight while rotating at 4°C to label nascent thiols generated from DTT-reversible thiol oxidative modifications such as sulfenic acids, disulfides, and glutathionylated and nitrosylated thiols (32) . After BIAM labeling, the samples were centrifuged for 10 min at a maximum speed of 13,200 rpm at 4°C to remove insoluble proteins, and BCA analysis was performed on the supernatant.
High-capacity streptavidin-agarose beads (Thermo Fisher) were added to Pierce spin columns (120 l each) and centrifuged at 400 ϫ g for 30 s. The beads were washed twice with 600 l of Dulbecco's phosphate-buffered saline (PBS) and twice with 0.1% (w/v) SDS (600 l) with a centrifugation step (400 ϫ g for 30 s) after each wash. Lysate protein from either DCP-Bio1-or BIAM-labeled samples (150 -200 g) was then loaded in the Pierce spin columns containing the streptavidin beads. Twenty microliters (0.5 ng) of prebiotinylated AhpC (in PBS with 2% (w/v) SDS) was added as an internal standard to control for the efficiency of the affinity capture, elution, and gel loading steps. The samples were rotated overnight at 4°C. The next day, the columns were centrifuged at 400 ϫ g for 30 s. The eluent was considered the unbound fraction. Columns were then put through a series of washes, each lasting 5 min. The DCP-Bio1 JNK2 regulation by protein oxidation sample columns were washed three times with Tris-buffered saline containing 1% (v/v) Tween 20, once with 2 M urea, once with 1 M NaCl, once with 0.1% (w/v) SDS plus 10 mM DTT, and twice with PBS. BIAM sample columns were washed three times with PBS. Bound proteins were eluted by boiling the beads for 10 min in 100 l of 2ϫ Laemmli sample buffer containing 5% (v/v) ␤-mercaptoethanol. The samples were then cooled on ice for 1 min and centrifuged at 1000 ϫ g for 4 min. The supernatants were then subjected to SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting with antibodies to phospho-JNK or total JNK2.
Generation of JNK2 mutants
Cysteine to alanine or serine change was generated in a WT JNK2␣2 cDNA construct (pcDNA3-FLAG-JNK2 plasmid from Dr. Roger Davis (University of Massachusetts) using the QuikChange XL site-directed mutagenesis kit (Stratagene). Primers were designed according to the protocol provided. A QIAprep Spin Miniprep kit (Qiagen) was used to isolate and purify the mutant DNA constructs.
Chondrocyte transfection
The Nucleofection TM method (Lonza) was used as described previously (54) to transfect 2,000,000 primary human chondrocytes with 5 g of WT or mutant FLAG-JNK2 plasmid. After recovery for 48 h, cells were switched to serum-free medium overnight and stimulated with 1 M Fn-f for 30 min. Cells were washed twice with PBS; lysed for 30 min at 4°C in standard lysis buffer with PMSF, PIC, 200 units/ml catalase, and 5 mM DTT; and stored at Ϫ80°C.
Immunoprecipitation and JNK kinase assay
WT JNK2 and the JNK2 mutant constructs were transfected into primary human chondrocytes by nucleofection and then stimulated with recombinant FN-f as noted above for 30 min to activate JNK. Cell lysates were prepared in 1ϫ radioimmune precipitation assay buffer and treated with DTT so that all constructs would be fully reduced. Protein content of human and mouse lysates was quantified using the Pierce Micro BCA kit (Thermo Scientific), and then DTT was removed by passing JNK lysate (60 g) through a Bio-Gel P-6 spin column (Bio-Rad) equilibrated in PBS supplemented with protease and phosphatase inhibitors. Anti-FLAG magnetic beads were incubated with the resulting lysate overnight at 4°C to capture the JNK2 constructs. Each immunoprecipitated sample was washed twice with Tris-buffered saline and then twice with kinase buffer (25 mM Tris, pH 7.5, 10 mM MgCl 2 , 0.1 mM sodium vanadate, and 5 mM ␤-glycerophosphate) and split into five Eppendorf tubes. Next, immunoprecipitated JNK2 was treated with increasing concentrations of H 2 O 2 from 0.5 to 20 M for 10 min at 24°C, and excess H 2 O 2 was removed by the addition of 0.5 unit of catalase for 5 min. JNK activity was then measured in the absence of reductant by the addition of c-Jun substrate and 0.2 mM ATP. The reaction mixture was incubated for 30 min at 30°C and quenched by the addition of SDS loading buffer. Phosphorylation of c-Jun (Ser-73) was quantified by Western blotting using an antibody against phospho-c-Jun.
Blots were then stripped and reprobed with antibodies to the total JNK2. c-Jun fusion protein was purchased from Cell Signaling Technology and provided in 2 mM DTT. The c-Jun fusion construct (residues 1-89) did not include the Cys-269 residue shown to be regulated by glutathionylation in the intact protein (55) . Prior to performing the assays, c-Jun was passed through a Bio-Gel P-6 spin column equilibrated in kinase buffer to remove reductant, aliquoted, and stored at Ϫ80°C until use.
To test whether JNK2 inhibition is reversible, a separate assay was performed with commercially available, recombinant, active JNK2␣2. Ten nanograms of active, phosphorylated JNK2 (SignalChem) was mixed with 0, 2, 10, 20, or 100 M H 2 O 2 in a final volume of 24 l. The purchased phospho-JNK2 contained both DTT and GSH, with final concentrations (after mixing) of 1 and 50 M, respectively. Following incubation for 10 min at 24°C, each sample was incubated with 1 unit of catalase for 5 min prior to initiating the kinase reaction by the addition of ATP and c-Jun. Immediately after initiation, each sample was split with 12 l of each sample added to a tube containing 2 l of either water or 10 mM DTT. The reaction was then allowed to proceed for 30 min at 30°C and was analyzed as described above.
Expression and purification of recombinant His-JNK2
␤-Mercaptoethanol and DTT present in commercial preparations of JNK2 can become oxidized and react with protein cysteine residues. Although theoretically these modifications could be reversed, the low amounts of protein present in the commercial preparations made it technically difficult to recover JNK2 after reduction and buffer exchange using a desalting column. To circumvent this problem, we expressed and purified JNK2 using a bacterial expression system. A bacterial expression construct, pGSTag-FLAG-JNK2␣2, was provided by Roger Davis (Addgene plasmid 15744) (5) . An alternative bacterial expression construct was also created that replaced the GST tag with a His tag to prevent the formation of nonphysiological disulfide bonds between the GST protein and JNK2. The pTHCm1⌬p-JNK2 plasmid was created by removing the JNK2 coding sequence from pGSTag-FLAG-JNK2␣2 by digestion with HindIII and BamHI and ligating the resulting insert into the pTHCm1⌬p vector, derived from pTrcHisA from Invitrogen in which the ␤-lactamase gene was replaced by a chloramphenicol resistance gene (56) .
His-JNK2 was expressed at 37°C in 4.8 liters of B834 Escherichia coli cells. Cells were washed, resuspended in His purification buffer (50 mM sodium phosphate, pH 8.0, and 300 mM NaCl), and lysed by passage through an Avestin EmulsiFlex-C5. Cell debris was removed by centrifugation at 40,000 ϫ g for 40 min at 4°C, and nucleic acids were removed from the cleared lysate by the addition of 2% (w/v) streptomycin sulfate and centrifugation at 18,000 ϫ g for 20 min at 4°C. Imidazole was added to the cleared lysate to a final concentration of 10 mM and stirred with 10 -20 ml nickel-nitrilotriacetic acid resin (Thermo Scientific) for 15 min at 4°C. The slurry was then loaded onto a gravity flow column and washed with 600 ml of 10 mM imidazole in His purification buffer, and His-JNK2 was eluted with His purification buffer supplemented with 0.5 M
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imidazole. Purified His-JNK2 was dialyzed against 25 mM Tris, pH 7.5, 100 mM NaCl, and 10% (v/v) glycerol; concentrated to 9.9 mg/ml using an Amicon ultracentrifugal filter; and stored at Ϫ80°C.
Mass spectrometry analysis of oxidized cysteines in JNK2 and multiple rounds of oxidation and reduction with iodoacetamide
His-JNK2 (192 M in 50 mM Tris, pH 7.5) was incubated with 5 mM dimedone and 5 mM DTT and then cycled by the addition of five subsequent aliquots of 95-100 M H 2 O 2 for a final concentration of ϳ500 M H 2 O 2 . Samples were incubated at ambient temperature for a minimum of 15 min between each H 2 O 2 addition. Accessible free thiols were then trapped by the addition of an equal volume of 250 mM IAM in water (in the dark). After incubation for a further 20 min, excess small molecules were removed using a Bio-Gel P-6 spin column equilibrated in 20 mM ammonium acetate. JNK protein was digested with 1.25 ng of tosylphenylalanyl chloromethyl ketone-treated trypsin (Worthington Biochemical) in 20 mM ammonium acetate, 10% (v/v) acetonitrile, and 1 mM CaCl 2 overnight at 37°C. The tryptic peptides were dried using a SpeedVac and resuspended in Optima water (Thermo Fisher) containing 0.1% (v/v) formic acid.
Peptides were analyzed by LC-MS/MS using an Accela Open UPLC coupled to a Thermo Scientific Orbitrap LTQ XL highresolution mass spectrometer. Separations were achieved using a Thermo Hypersil GOLD C 18 column (50 ϫ 2.1 mm, 1.9 m) at ambient temperature with a gradient of buffer A (0.1% (v/v) formic acid in water) and buffer B (100% (v/v) acetonitrile and 0.1% (v/v) formic acid) at a flow rate of 100 l/min. Peptides were separated using a gradient elution of 5-100% (v/v) B over 15 min, holding at 100% B for 2 min, followed by a 2-min wash at 100% B. The gradient was then decreased to 5% B over 5 min and held at 5% B for 3 min for a total run time of 25 min. Eluant was introduced to the mass spectrometer via positive electrospray ionization with the following settings: sheath gas of 65, source voltage of 4.0 kV, capillary temperature of 325°C, capillary voltage of 38.5 V, and tube lens held at 68.0 V. The mass spectrometer was operated in data-dependent acquisition mode using Xcalibur v1.3 (Thermo Scientific). After a full scan (20 -2000 m/z range) at high resolution (30,000), the top five most intense precursor ions were isolated and fragmented using collision-induced dissociation with the normalized collision energy set at 35%, activation Q at 0.25, and activation time at 30 ms. Dynamic exclusion was enabled with a repeat duration and exclusion duration of 30 s.
MS spectra were searched using the SEQUEST search algorithm with Proteome Discoverer v1.3 (Thermo Scientific). Search parameters were as follows: FT-trap instrument, parent mass error tolerance of 10 ppm, and fragment mass error tolerance of 0.8 Da (monoisotopic) with variable modifications that included methionine oxidation, cysteine iodoacetamide products, cysteine dimedone products, cysteine dioxidation, cysteine trioxidation, and cysteine conversion to dehydroalanine.
Mass spectrometry analysis of oxidized cysteines in JNK2 and single oxidation experiment with MSBT as thiol blocker
His-JNK2 was first reduced with 10 mM DTT, and excess reducing agent was removed using a Bio-Gel P-6 spin column equilibrated in 20 mM ammonium acetate, pH 7, containing 100 M DTT to maintain the protein in the reduced state. Reduced JNK2 was diluted to 30 M, incubated with 5 mM dimedone, and subsequently treated with 0 or 100 M H 2 O 2 . After incubation for 35 min at 24°C, accessible free thiols were trapped by the addition of 5 mM MSBT and incubation for a further 30 min. To allow for alkylation of buried cysteine residues, samples were denatured by treatment with a final concentration of 6 M guanidinium chloride and heated for 5 min at 95°C. Samples were diluted to 1 M guanidinium chloride, and protein was precipitated by the addition of acetone. The protein pellet was resuspended in 0.1% (v/v) SDS and digested with Thermo sequencing grade modified trypsin (1:100) overnight at 37°C. The tryptic peptides were dried using a SpeedVac and resuspended in 5% (v/v) acetonitrile and 0.1% (v/v) formic acid.
Peptides were analyzed by LC-MS/MS using a Q Exactive HF hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate-3000 nano-UPLC system (Thermo Scientific) using a Nanospray Flex Ion Source (Thermo Scientific). Peptides were separated using an Acclaim PepMap 100 (C 18 , 5 m, 100 Å, 100 m ϫ 2 cm) trap column and an Acclaim PepMap RSLC (C 18 , 2 m, 100 Å, 75 m ϫ 15 cm) analytical column. Good chromatographic separation was observed with a 90-min linear gradient consisting of mobile phases A (5% (v/v) acetonitrile with 0.1% (v/v) formic acid) and B (80% acetonitrile with 0.1% formic acid). MS data were acquired in data-dependent acquisition mode. The resolution of full MS scans and MS/MS scans were 60,000 and 15,000, respectively. Full MS scans were acquired over the 300 -1500 m/z range. The 20 most abundant peaks were selected for MS/MS with normalized collision energy of 28% with a dynamic exclusion duration of 10.0 s. MS spectra were searched using the SEQUEST search algorithm with Proteome Discoverer v2.1 (Thermo Scientific). Search parameters were as follows: FT-trap instrument, parent mass error tolerance of 10 ppm, and fragment mass error tolerance of 0.02 Da (monoisotopic) with variable modifications that included methionine oxidation, cysteine MSBT products, cysteine dimedone products, cysteine dioxidation, and cysteine trioxidation. MS spectra were also searched for the presence of disulfide bonds using XlinkX 2.0 software.
Statistical analysis
Data were analyzed by Student's t test (for two-sample comparisons) or a one-way or two-way ANOVA (for comparison of more than two samples) with a Dunnett's or Tukey honestly significant difference post hoc correction, as appropriate, using GraphPad Prism version 6 (GraphPad Software, Inc.). Results are presented as mean values ϮS.D. from a minimum of three independent biological replicates. The exact number of independent samples for each experiment is provided in the figure legends. A level of p Ͻ 0.05 was considered to be significant.
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